The apicomplexan parasites of the genus Cryptosporidium infect human intestinal epithelial cells. Infections by Cryptosporidium species are important causes of diarrheal diseases worldwide [1] . While cryptosporidiosis causes a self-limiting, acute diarrheal disease in immunocompetent individuals, it can cause persistent diarrhea with severe stunting when malnourished young children are infected [1] [2] [3] . Furthermore, cryptosporidiosis is a leading cause of life-threatening, chronic diarrheal disease in immunocompromised patients. Cryptosporidium is found in about 16% of patients who have AIDS and persistent diarrhea [4, 5] .
Current treatment of cryptosporidiosis is unsatisfactory. While some agents may shorten the course of infection in immunocompetent hosts, there is no antimicrobial chemotherapeutic agent that will reliably eradicate the organism from immunocompromised hosts. Paromomycin is an aminoglycoside antibiotic poorly absorbed from the gut epithelium [6] . In cell culture, it is weakly effective against Cryptosporidium and has only limited efficacy in Cryptosporidium-infected gnotobiotic piglets and mice [7, 8] . Controlled trials of paromomycin in Cryptosporidium-infected AIDS patients have demonstrated that Cryptosporidium is seldom eliminated from stools, and relapse of diarrhea occurs in over half of the patients [5, 9] . Nitazoxanide is licensed for the treatment of cryptosporidiosis in nonimmunodeficient children and adults after being shown in controlled trials to reduce the time of cryptosporidial diarrhea. However, nitazoxanide is expensive and thus not widely available to the highest risk groups in the developing world. Nitazoxanide does not work well in AIDS patients, the group at highest risk in the United States [5] . Thus, new drugs are needed to treat patients, especially those with the highest risk for infection.
Apicomplexan parasites rely on calcium-mediated signaling for a variety of vital functions [10] . These functions are controlled in part by a number of specialized systems for uptake and release of calcium, which acts as a secondary messenger, and on the functions of calcium-dependent proteins [11] . For the apicomplexan Toxoplasma gondii, calcium-dependent protein kinase 1 (Tg CDPK1) is involved in secretion, invasion, and gliding motility [11] . Structural studies for drug development have shown that Tg CDPK1 contains an enlarged adenosine triphosphate (ATP)-binding pocket relative to that observed in human kinases, with a glycine gatekeeper residue, which makes it uniquely sensitive to bumped kinase inhibitors (BKIs) that target this structural feature [12] . We and others have successfully developed a number of potent inhibitors of TgCDPK1 activity [13, 14] . Interestingly, Cryptosporidium CDPK1(CpCDPK1) also contains an enlarged ATP-binding pocket with a glycine gatekeeper residue that is very similar to that of TgCDPK1. A gene that is 99% identical to CpDCPK1, with a glycine gatekeeper residue, is present in the Cryptosporidium hominis genome, and we expect will have the exact same inhibitor-binding mode as CpCDPK1. In recent studies, we showed that BKIs based on a pyrazolopyrimidine scaffold are also able to potently block the activity of CpCDPK1. In addition, we demonstrated that pyrazolopyrimidine-based inhibitors are able to block the infection of Cryptosporidium parvum in cell culture [12] . On the basis of these structural, biochemical, and pharmacokinetics studies, we hypothesized that a recently synthesized pyrazolopyrimidine-based compound, 1294, would be useful to treat cryptosporidiosis. Here, we show the anti-cryptosporidial efficacy of 1294 in human cells, as well as in a severe combined immunodeficiency (SCID)-beige mouse cryptosporidiosis model.
METHODS

Cell Culture In Vitro Infection and Drug Activity Assays
Human cells were prepared as follows. HCT-8 cells (ATCC) were seeded on 24-well plates with 500 µL of complete medium (Roswell Park Memorial Institute [RPMI], 10% fetal bovine serum [FBS] , and 1% antibiotic antimycotic solution [penicillin/ streptomycin/amphotericin B; Life Technologies, Grand Island, NY]) and incubated at 37°C in 5% CO 2 overnight. After reaching 90% of confluence, the medium was removed, and the cells were infected as described below. Parasites were prepared as follows. For the infection, 1 × 10 8 Cryptosporidium oocysts (Iowa strain obtained from Sterling parasitology laboratory at the University of Arizona) were diluted and washed 3 times at 500 g for 10 minutes with sterile phosphate-buffered saline (PBS). The pellet was resuspended in 500 µL acidic water (pH 2-3) and incubated for 10 minutes on ice. After centrifugation at 500 ×g for 10 minutes, the supernatant was discarded, and the pellet was resuspended in infection medium (complete medium supplemented with 0.8% taurocholate) and incubated for 1 hour at 37°C. Microscopy was used to confirm that at least 95% of the sporozoites were excysted, before continuing with the experiment. The sporozoites were diluted at a concentration of approximately 2 × 10 5 sporozoites/mL of complete medium. The 1294 compound was prepared as follows. Compound was diluted in 500 µL of dimethyl sulfoxide (DMSO; 0.5%) at final concentrations of 0, 0.01, 0.1, 1, and 5 µM. The solution containing the drug was mixed with the sporozoites and then added to the HCT-8 cells and cultured for 2 hours at 37°C in 5% CO 2 . Controls included infected and uninfected HCT-8 cells in medium with DMSO. After incubation, the medium was removed, cells were washed 3 times with PBS, and fresh medium without drug was added. After overnight incubation at 37°C in 5% CO 2 , medium was removed, and the cells were incubated with trypsin (0.025% for 15 minutes at 37°C) and then diluted with RPMI and 10% FBS. Cells were washed 3 times with complete medium by centrifugation at 500 ×g for 10 minutes. Cell pellets were stored at −20°C until quantitative real-time polymerase chain reaction (qRT-PCR) analysis. Kinase assays were performed as previously described [12, 14] .
Quantitation of Cryptosporidium by qRT-PCR
Quantitation of Cryptosporidium was performed by qRT-PCR as previously described [12] . Briefly, RNA was isolated from the pellet, using a commercial kit (RNeasy Plus Kit, Qiagen, Valencia, CA). The final RNA concentration and quality were determined with a spectrophotometer (Nanodrop 1000, Thermo Scientific, Wilmington, DE). The parasite numbers were monitored by qRT-PCR, using the Applied Biosystems 7 obtained 500 Real-Time PCR System (Life Technologies, Grand Island, NY). For all reactions, the 1-step RT-PCR Super Script III was used, with approximately 250 ng of each sample and specific primers for C. parvum Cp-F (CAA TCA GCA ACC AAG CTC AA) and Cp-R (TTG TTG AGC AGC AGG TTC AG). Quantitation was normalized to host 18 s RNA (CCG ATA ACG AAC GAG ACT CTG G-3′, forward) and 5′-(TAG GGT AGG CAC ACG CTG AGC C, reverse). The qRT-PCR conditions were 1 cycle at 95°C for 5 minutes, followed by 60 cycles at 95°C for 15 seconds and then 66°C for 1 minute. The specificity of the primers was confirmed by melting curve analysis. For parasite quantitation, a standard curve with serial dilutions of RNA from a known number of parasites was included in each reaction plate. Results with this method were similar to those obtained by lectin staining or immunofluorescence.
Infection and Treatment of and Stool Collection From Mice
To test the anti-Cryptosporidium activity in an animal model, 7-week-old SCID-beige mice were infected with 1 × 10 6 C.
parvum oocysts (Iowa strain) by oral gavage [15] . Weight, food consumption, and stool characteristics were monitored daily. Beginning on day 4 after infection, 100 mg/kg of 1294 (diluted in vehicle [7% Tween 80, 3% ethanol, and 90% normal saline]) or vehicle control ( placebo) was administered by oral gavage daily for 10 days. To determine the efficacy of the treatment, we evaluated the presence of parasites in stool specimens by qRT-PCR. Stool (approximately 25 mg) was collected every day for the first 13 days and then every 3-6 days after the second week, up to day 33; all samples were stored at −20°C until subsequent analysis. Negative controls for qRT-PCR and for histological analysis included specimens from uninfected animals.
DNA Extraction and qRT-PCR Assays
For DNA extractions, we used 250 mg (approximately 10 pellets) of stool from each mouse. DNA was extracted and purified using the QIAamp DNA Stool Mini Kit (Qiagen). The purity and concentration were determined by spectrophotometry (Nanodrop 1000). The samples were stored at −20°C until subsequent analysis. The parasite burden was determined by qRT-PCR (Applied Biosystems 7500 Real-Time PCR System), using the Platinum SYBR Green qPCR SuperMix-UDG Kit (Life Technologies) with primers for C. parvum Cp-F and Cp-R (described above). The qRT-PCR conditions were 1 cycle at 95°C for 5 minutes, and subsequently 60 cycles at 95°C for 15 seconds followed by 66°C for 1 minute. To test the specificity of the primers, an additional dissociation stage was added at the end of the reaction for dissociation curve analysis. A standard curve was generated from serial dilutions of DNA from a known number of parasites spiked in mice stool specimens and was included in each reaction plate.
Histological Analysis
To determine the intestinal damage, we analyzed sections of treated, untreated, and uninfected mice. The mice were euthanized on day 35, and the terminal ileum of 3 mice from each group was collected and fixed in formalin. The tissue was transferred to 70% methyl and isopropyl alcohol solution (Flex 100, Thermo Fisher Scientific, Waltham, MA) to minimize overdehydration, and then the samples were submitted to the University of Texas Medical Branch histopathology core laboratory for sectioning and staining. All tissue sections were 5-µm thick. Apoptosis was assayed by immunofluorescence with the TUNEL apoptosis detection kit (Millipore, Billerica, MA). For quantitative analysis of the histological damages, we evaluated the number of apoptotic cells by fluorescent microscopy as described before with some modifications [16] . Briefly, to evaluate the apoptosis level in the intestine, the number of apoptotic cells was assessed semiquantitatively (score, 0-3) by an observer masked to the treatment group, as follows: no apoptosis, 0; low apoptosis (1-5 apoptotic cells/field), 1; moderate apoptosis (6-10 apoptotic cells/field), 2; and heavy apoptosis (>10 apoptotic cells/field), 3. The average of the number of apoptotic cells from a total of 250 cells counted in 3 representative fields of each sample was taken as the total score of apoptotic damage.
RESULTS
Development, Pharmacokinetics, and Mammalian Cell Toxicity of 1294
We cloned, expressed, and determined the structure of C. parvum CDPK1 and showed that the enzyme is uniquely susceptible to BKIs because this kinase possesses an extremely rare glycine gatekeeper residue [12] . BKIs also inhibit the growth of C. parvum in vitro in mammalian cells and work better if added at the time of infection than if added after infection [12] . Initially, our most promising CpCDPK1 inhibitor was BKI-1 [17] (referred to as compound 3b in table 1 of the article by Larson et al [18] ). However, we found that BKI-1 was cleared from the bloodstream of rodents too quickly to provide continuous exposure when administered daily. On the basis of the hypothesis that BKI-1 is likely metabolized by CyP450 enzymes, we determined BKI-1 metabolism by liver microsomes in the presence of NADPH. We found that the piperidine group of BKI-1 was oxidized and reasoned that alkylation of the secondary nitrogen of BKI-1 would slow this metabolism without affecting binding to CpCPDK1. Thus, we synthesized compound 1294 ( Figure 1A ), an N-methyl-piperidine analog of BKI-1. Compound 1294 retained efficacy against CpCDPK1, with a half maximal effective concentration (IC 50 ) of 1 nM against the enzyme. We found that the mouse plasma exposure of 1294 after oral dosing with 10 mg/kg was 8-fold greater than that of another BKI-1 administered by the same route (Ojo et al, unpublished data). With 100 mg/kg oral daily dosing of 1294, a peak plasma concentration of 7.2 µM was obtained, with a halflife of >13 hours. In addition, we administered 100 mg/kg of 1294 to mice twice daily for 5 days to determine whether toxicity would emerge with high exposure. Mice appeared healthy during the 5-day period and lost no weight, and results of histological and blood chemistry analyses remained normal. Thus, there was no apparent toxicity of 1294 administration, even with the high exposures provided by 100 mg/kg administered orally twice daily. Furthermore, 1294 was >1000 times more active in inhibiting CpCDPK1 than human kinases with the smallest gatekeeper residue. For example, the IC 50 values for p38, EPHA3, EGFR, Csk, and SRC were >10 µM, and the IC 50 for ABL (referred to as compound 15o by Johnson et al [14] ) was 4.6 µM. Thus, selectivity for kinase inhibition is unlikely to be a problem. Thus, administration of 1294 daily provides outstanding exposure with low toxicity.
In Vitro Activity of 1294 Against Cryptosporidium
We evaluated the potency of 1294 against Cryptosporidium by preincubating sporozoites with several concentrations of the compound before infecting the HCT-8 cells. The number of viable parasites after infection was determined by qRT-PCR. In repeated experiments, 1294 demonstrated potent inhibition of Cryptosporidium (IC 50 , approximately 100 nM; Figure 1B ). Doses of ≥500 nM led to almost complete eradication of the parasite. There was no evidence of damage or morphological alterations in the HCT-8 cells from exposure to 1294.
In Vivo Activity of 1294 Against Cryptosporidium in Mice SCID-beige mice were infected by oral gavage with C. parvum oocysts. In this model, the infection is biphasic, with an initial acute increase in parasites resulting in a peak at day 8, followed by a second wave of parasite shedding from day 20 up to day 33 ( Figure 2 ). Parasites were detected in stool as early as 4 days after the infection, and no significant difference was observed when we compared the 2 groups of mice before treatment on day 4. By day 8, mice treated with 1294 shed significantly fewer parasites, compared with controls treated with vehicle alone (Figure 2) , demonstrating a significant effect of 1294 on Cryptosporidium during the acute phase of infection. During the second wave of Cryptosporidium shedding, which began after day 12, all but 1 of the placebo-treated mice produced significant numbers of parasites. In sharp contrast, only two 1294-treated mice had detectable oocysts on day 20, and only 1 remained infected on day 33. Neither of these mice had oocysts detected before day 20.
Therapeutic Effects of 1294 in Treated Mice
We evaluated clinical signs such as weight loss and diarrhea. We did not note significant differences between the groups during the experiment, as typical of this model. Despite persistent Cryptosporidium shedding, SCID-beige mice do not become detectably ill with cryptosporidial infection [19] . We analyzed the damage present in the intestinal tissue by comparing sections of mice treated with 1294 and then infected ( Figure 3A ), mice treated with placebo and then infected ( Figure 3B ), and uninfected mice ( Figure 3C ). As demonstrated in placebo-treated mice, infection by Cryptosporidium caused villous atrophy, crypt hyperplasia, and epithelial damage. Findings for 1294-treated mice appeared similar to those for uninfected controls ( Figure 3A and 3C, respectively) and did not exhibit the signs of intestinal damage found in placebo-treated mice ( Figure 3B ). We also evaluated the number of apoptotic cells in the small intestines of each group and found that the 1294-treated and infected group had minimal apoptosis ( Figure 4B ). In contrast, the placebo-treated and infected mice had significantly more apoptosis ( Figure 4C-E) , correlating villous damage with persistent cryptosporidial infection ( Figure 4E ). Control, uninfected SCID-beige animals showed minimal apoptosis ( Figure 4A ), similar to that observed in 1294-treated and infected animals, and were the normalizing group ( Figure 4E) . The number of parasites shed in per 25 mg of stool among treated and untreated groups was quantified by real-time polymerase chain reaction and normalized to the number of oocysts, using a standard curve. Differences between groups were compared at each time point, and P values were calculated by Kruskal-Wallis analysis. Only 1 of seven 1294-treated mice had detectable parasites on day 33 after treatment, yet 6 of 7 placebo-treated mice had parasites after treatment. Abbreviation: ND, none detected.
DISCUSSION
In this study, we explored the efficacy of a novel CpCDPK1 inhibitor, 1294, during cryptosporidiosis. We have previously demonstrated the efficacy of pyrazolopyrimidine-based CDPK inhibitors as Cryptosporidium growth inhibitors in vitro [12] . Of a number of compounds characterized in vitro, we selected 1294 for further characterization because of its ability to potently inhibit the catalytic activity of CpCDPK1, its favorable pharmacokinetics, its lack of toxicity to mice in vivo, and its lack of activity against human protein kinases. In addition, similar pyrazolopyrimidine inhibitors show potent activity against TgCDPK1 in the protozoan parasite T. gondii [14] . The ability of 1294 to potently block Cryptosporidium infection of HCT-8 cells confirms our previous observations that selective pyrazolopyrimidine-based inhibitors possess anticryptosporidial activity ( Figure 1B) . To evaluate the anticryptosporidial activity of 1294 in an animal model, we first conducted experiments to determine possible routes of administration in mice. These studies revealed that 1294 was well absorbed after oral administration and persisted in the animal for >24 hours after an oral dose of 100 mg/kg. Since the acute phase of infection by Cryptosporidium occurs during the first week, we treated mice for 10 days and continued collecting stool specimens for up to 1 month, with the aim of evaluating relapses after the treatment. These experiments showed that daily oral 1294 doses of 100 mg/kg D ) . E, An apoptotic score was determined for each section, and the score was normalized to the rate of TUNEL-positive cells found in untreated matched mouse intestines (apoptosis score, 1.0). Data are mean ± SD. *P < .05, by the Student t test. over 10 days reduced parasite infection significantly during the acute phase, as well as during the chronic phase (Figure 2) . Interestingly, the two 1294-treated mice that were not shedding oocysts at the time of therapy (day 4) subsequently shed oocysts after therapy was halted. By contrast, none of the mice treated after oocyst shedding had begun relapsed. The numbers are low, but this observation suggests that the drug might be more effective for patent infections than when used in the prepatent period. We hypothesize that the rebound may be due to differential effects of the drug on parasite stages; for instance, the drug may work predominantly on merozoite invasion.
Our animal model is only one of a number of models used to test compounds for activity in cryptosporidiosis. Models have included neonatal mice, mice with inactivation of immune molecules (eg, SCID mice and interferon γ-knockout mice), animals with experimentally induced immunosuppression (eg, mice treated with steroids), and a recently described model of malnourished mice [19, 20] . Unfortunately, at this time, there is no standardized way to assess efficacy. We used a model with inactivation of T cells and natural killer cells as a rigorous test of drug efficacy.
Although this study demonstrates the efficacy of 1294 at reducing the parasite burden in the Cryptosporidium-immunosuppressed mouse model, further experiments will be needed to determine optimal routes of administration, drug concentrations, and treatment duration. To evaluate the efficacy of 1294 to reduce the proportion of infected mice, we used a placebo (ie, vehicle only)-treated and infected group. We observed a marked reduction of parasites in 1294-treated mice, compared with placebo-treated mice. Previous observations in mouse models have showed that anticryptosporidial drugs such as paromomycin confer partial protection that is limited to the acute phase of the infection [7] . In addition, studies of paromomycin in AIDS patients with cryptosporidiosis have been associated with frequent relapses [9] . In contrast, we did not observe relapses in 5 of 7 animals treated with 1294, with the relapse clearing spontaneously in one of the relapsing animals. Thus, we hypothesize that 1294 is more potent at suppressing relapse during the chronic phase, because of its fast and potent anticryptosporidial activity during the acute phase. Its potency may be related to blocking cell entry, motility, or other unrecognized processes.
Since intestinal apoptosis is related to active cryptosporidiosis [21] , the histological analysis presented here demonstrated a significant reduction of apoptosis in 1294-treated and infected mice, compared with placebo-treated and infected mice. The increased apoptosis in placebo-treated mice correlated with the persistence of parasites in the stool and villous damage to the small intestine, effects not seen in 1294-treated and infected animals. Thus, although Cryptosporidium infection did not lead to clinical illness in the SCID-beige mice, infection did induce intestinal damage that was prevented by 1294.
In summary, these data demonstrate that 1294 is active against Cryptosporidium infection in vitro and in vivo. Pharmacologic studies suggest that it displays favorable pharmacokinetics, suggesting that this may be an effective lead compound for further development.
